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Abstract: Uric acid (UA) is a biological molecule which is susceptible to be investigated theoretically. A
theoretical investigation is carried out in the gas phase and by water effect at the ground state by using
density functional theory method (DFT) at the B3LYP/6-31(d) and B3LYP/ LANL2DZ levels on the
structure of different chemical forms of Uric Acid (UA) and its metal complexes. Solvent effect (water) is
included using the polarizable continuum model (PCM). Neutral structures (ketonic, enolic, dimeric,
monohydrate) and anionic structures has been fully optimized. Furthermore, and in order to estimate the
Bronsted acidity of (UA), the interaction of both enolic and ketonic forms with alkali meta cations (Li*, Na*,
K*, Be**, Mg*™, Ca™) was calculated in M(UA)™ complex structures. Proton acidity of (UA) and its
complexes was estimated by calculating deprotonation energy (DE) and & (ppm)%H NMR chemical shift
using GIAO method. Metal cations effects on distinct N-H and O-H stretching vibrational modes of studied
structures have also been examined. Further, we explored the geometry, and acidity of several uric acid
transition metal complexes M(UA),*" (M= Zn*?, Cd*?, Ag*, Cu*) in water. The complex was calculated using

mixed basis set 6-31G(d) and LANL2DZ (on the transition metal).

Keywords: Uric acid (UA), chemical forms, water, acidity, metal complex M(UA),™".

1. Introduction

Uric acid (UA) is a heterocyclic organic compound
(imidazole (1) and pyrimidine (I1) rings) (Figure.1)
its name is (7,9-Dihydro-1H-purine-2,6,8(3H)-
trione) [1]. It was first discovered by Swedish
Chemist Carl Wilhelm Scheele in the year 1776 [2]
when he successfully isolated uric acid from kidney
stones. Though it was discovered in the year 1776
it was synthesized for the first time in the year 1882
by Ukrainian chemist Ivan Horbaczewski. He
synthesized uric acid by melting urea and glycine
[3].

Uric acid is the end product of purine breakdown in
humans. It is removed by renal action of which 90%
is reabsorbed with the remained excreted in
urine [4]. It has been used as a diagnostic marker of
many diseases; for example, a high level of serum
uric acid is often associated with gout, diabetes, and
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metabolic syndrome [5]. Uric Acid (UA) is one of
the most intriguing chemicals in the human body
that may be studied theoretically and many
theoretical and experimental studies was carried on
its structure [6,7,8]. Several studies have concluded
that uric acid (UA) is a naturally occurring
antioxidant [9]. It is the ultimate oxidation product
of purine metabolism and is generally eliminated in
urine. Gout is caused by an excess of uric acid in
the tissues [10]. This condition is characterized by
the deposition of massive crystalline aggregates in
joints, resulting in excruciating discomfort.

Both in vitro and in vivo studies have demonstrated
that (UA) is an effective scavenger of hydroxyl and
peroxynitrite radicals Uric acid ionizes with
pKa at pH 5.75 In the extracellular fluid, at
physiological pH of 7.4, uric acid is mainly in the
ionized form of urate, while in the urine, which is
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usually acidic, the un-ionized uric acid form
predominates

Additionally, and due to the ability of the Uric acid
(UA) molecule to form rather stable metal
complexes, as well as more of previous
investigations [14], [15], [16], [17] on (UA) metal
complexes studies.

UA's keto-enol tautomerism (Figure 2.) has been
the topic of various studies. In addition, the solid
state of (UA) is distinguished by a planar tri-keto
structure [18]. The acidity of (UA) seems to be a
very interesting property, although this molecule
has been the subject of several theoretical and
experimental research [19]. In this regard, and
despite the fact that (UA) has four acid protons, the
experiment, however, showed only two possible
acidity and thus, Uric acid (UA) is a weak diprotic
acid with an aqueous pKal of 5,4 and pKa2 of 9,8.
To explore all four acidities, or to clarify the
existence of these two acidities, the present work
is interested to investigate theoretically the
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H

structure and the charge density of Uric acid (UA)
and its chemical forms for clarifying Brensted
acidity [20].
Furthermore, we are very interested, on the
structure of alkali metal complexes M(UA)™ to
examine O-H and N-H Bronsted acidity by
combining DFT with the PCM continuum solvent
model [21,22].
Deprotonating Energy and § NMR Y;H chemical
shift, as well as other parameters like charge of
protons and the stability of the corresponding
anions, are frequently employed to estimate the
proton acidity. Alkali metal cations Li*, Na*, K,
Be**, Mg**, Ca** are used in our investigation to
predict the varying stability and acidity of the
various (UA) complexation by calculating HOMO
and LUMO energies and their gaps AEHomo-Lumo.
Moreover, Natural Bond Orbital (NBO) [23]
analysis was performed on the optimized structures
to obtain a further insight into the electronic
properties of the system.
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H

Figure 1. Uric acid structure

Beyond and above this complexity, Olga et al. [24]
have been studied experimentally a series of metal
uric acid complexes. These complexes were
synthesized using different metal ions of Zn*?
Cd*?, Hg*? and Ag* in aqueous solution. Obtained
UA-metal [M(UA)2]*?> complexes structures and
locating complexation sites were explored on the
basis of Density Functional Theory calculations
using B3LYP/6-31G(d,p) and LANL2DZ for Ag,
Zn, Cu, and Cd atoms.

Furthermore, due to the weak energy between the
ketonic and the enolic form in the keto-enol
equilibrium, the contribution, that we make in this
study and the task which has never been done by
any other study before, is to include the two forms
of uric acid in the investigation of their acidities,
and consequently we have performed all
calculations by introducing (UA) structure in its
two forms.

2. Computational Method

The geometry optimization and single point energy
calculations at the ground stats were computed
using Gaussianl6 software program [25] through
the hybrid density functional B3LYP/6-31G(d) and
B3LYP/LANL2DZ basis sets to predict the
molecular structure and vibrational wavenumbers.
We have employed B3LYP [26,27] functional with
mixed basis set 6-31G(d) and LANL2DZ (on the
transition metal) to further predicting two important
molecular properties: deprotonation energy (ED)
and heat of deprotonation (HD). In addition, we
have used the polarisable continuum model (PCM)
for implicit water solvation [28] in the Gaussian16
program for the geometry of (UA) chemical forms
and its metal complexes in aqueous solution. NMR
1;H Chemical shift §(ppm) were calculated by using
GIAO (Gauge Including Atomic Orbitals) method
[29]. in Gauss View06 by choosing TMS HF/6-
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31G(d) GIAO reference. Delocalisation of charge
density has been estimated by NBO (Natural Bond
Orbithal) method. Deprotonation energy [30,31],
which can be defined as the enthalpy change
associated with the gas phase deprotonation
reaction, AH — A"+ H*  has been calculated in this
work only for the most acid proton.
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OH16

/
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3. Results and discussion

3.1. Chemical forms of Uric Acid (UA)

Uric Acid (UA) can exist in its molecular form at
the ketonic and enolic structures in tautomeric
equilibrium [32] Figure 2., and thus in
monoanionic, di-anionic forms, dimeric form and
monohydrated forms [33].

OH16

Urate

Figure 2. keto-enolic equilibrium of (UA) and Urate

@ f )
{{

Figure 3. dimer of uric acid with a pseudo eight-membered ring.

Table 1. The main parameters of ketonic and enolic forms of Uric Acid (UA)

Structures Er Enomo ELumo | AEnomo-Lumo UTotal (Deby)
(Hartree) (eV) (eV) (eV)
(UA)-Keto (g) 637,671875 | -5.909 | -0.912 4.997 3,0468 Exp [2.8]
(UA)-Keto(water) -637,695461 | -5.733 | -0.740 4.992 4,2444 Exp [5,5]
(UA)-Enol (g) 637,622385 | -5.860 | -0.412 5.447 5,2054
(UA)-Enol(water) -637,646261 | -5.995 | -0.561 5.434 6,7651

(@)
Figure 4. monohydrated of uric acid (a) pseudo six-membered ring, (b) with a pseudo seven-membered
ring.

Depending on the pH of the medium in which the
uric acid is found, the equilibrium will be shifted
towards the formation of the molecular form for a

pH < pKa or towards the ionized form for a pH >
pKa [22].
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At physiological pH (7,35-7,45), uric acid is 98%
in ionized form. It is present at 37°C in plasma in
the form of sodium urate. Uric acid and urate are
relatively insoluble molecules that easily
precipitate in aqueous solutions such as urine or
synovial fluid, which can cause lithiasis or arthritis.
The uric acid/urate ratio increases when the acidity
of the environment decreases.

3.2.  Mono-hydrated and dimeric forms of
(UA)
Uric acid exists primarily in two crystalline forms,
anhydrous and dihydrate. The first predominates in
lithiasis, the second in stones. It is considered that
the dihydrate form is, in the majority of cases, the
initial phase and that it then converts quite quickly
to the anhydrous form [34].
In the dimeric system (Figure 3.), two uric acid
(UA) molecules are joined by two hydrogen bonds.
All the while, a pseudo-cycle with eight-member
ring is formed, adding to the stability of this
chemical structure. This geometry gives the
possibility that the two molecules are once donors
and once acceptors of protons.
Uric Acid (UA) and a water molecule may interact
to produce two similar monohydrate systems in
which two hydrogen bonds appear forming either a
six-membered ring pseudo-cycles (a) or Seven-
membered ring pseudo-cycles (b). (Figure .4)
The enolic form have been excluded from much
work that involves the structure of Uric Acid in
their studies because it is more reactive. Although
the enolic form is less stable but the keto-enolic
tautomeric equilibrium does not cost much energy.
For this purpose, we preferred to set up both
structures simultaneously.
The novelty and the contribution that this study
brings is the incorporation of the enolic form of
Uric Acid in the different calculations carried out,
and this for the reasons that can be given in the
following paragraph.

ESP UA-enolic

The geometry optimization of the ketonic and
enolic forms indicates an energy difference equal to
(0,05 Hartree) 1,346 Kcal/mol and (0,0492 Hartree)
1,339 Kcal/mol in the gas phase and in the aqueous
phase respectively estimated at B3lyp/6-31g(d)
level. The ketonic form is the most stable on the
potential energy surface. The enolic form, on the
other hand, is less stable; it represents a local
minimum and thus it is a stable intermediate. The
energy between the ketonic and enolic form was
estimated at the same level of calculation at 1,767
kcal/mol which is comparatively a very weak
barrier energy. Therefore, we can conclude that
these two forms can exist at the same time in a
tautomeric equilibrium.

In addition, The IR vibrations provides some
findings on the stability and reactivity of uric acid
UA. In the following discussion, UA in its enol
form provides as a result the minimal frequencies
correspond to the mixed deformation out of plan
(the 0O10-H14 bond has a relatively large
magnitude, whereas the N7-H13 bond has a modest
amplitude).

However, the minimal frequencies correspond to
the deformation out of plane of tow rings in the
ketonic form of (UA) either in gas phase or in water.
Electrostatic surface potential ESP map of UA can
be used to distinguish between electron-rich zone
(in red color) that receives electrophilic attack and
electron-poor (in blue color) which undergoes
electrophilic attack region. Figure 5.

The largest interval of electron density has been
found for UA-Keto structure, and it tends to be
between F 9.249¢-2. While the restraint interval of
electron density characterizes UA-enol form and it
tends toward +0.127€0.

It is interesting that the dipole moment of neutral
Uric Acid was increased from the gas phase (u=2.8
D) to a water environment (u=5.5 D) [35], While,
the charge transfer, reflected by AEHomo-Lumo gap
in gas phase and in water, are similar.

£

ESP UA-ketonic
Figure 5. electrostatic surface potential map ESP of UA forms

80



Turkish Comp Theo Chem (TC&TC), 9(2), (2025), 77-95

Meriem HAFIED,Mohammed AICHI

Table 2. SNMR 11H chemical shift (ppm) and deprotonation energy DE (Kcal/mol)

Structures S6H13 oH14 SHI15 SH16 DE
(UA)-Keto (g) 5,50 5,67 5,71 6,23 365.04
(UA)-Keto(water) 6,41 6,01 6,63 6,47 304.39
(UA)-Enol (g) 6,49 4,07 5,36 5,65 348.90
(UA)-Enol(water) 7,51 5,48 5,94 6,03 304.85

m*n
/,,, ‘\
12 Yy
H\ | \N / H
N 9 Geometry

| 0 —— >

Optimization
o T N\ o)

H
H

Figure 6. Complexation of (UA)-Keto with Na*, Li*, K*, Be**, Mg**, and Ca** metal cations

Therefore, according to the tautomeric keto-enolic
equilibrium, the tow acidity observed in uric acid
(UA) that were investigated in vitro [36] depends
on the loss of two protons coming from two forms
of (UA). According to our results in water Table 2.,
the first acidity is obtained by the deprotonation of
H15 in the ketonic form, whereas the second is by
the deprotonation of H13 in the enolic form.

3.3. IR vibrations of C=0O, N-H and O-H
bonds

The fundamental IR bands, in gas phase and in
water, of (UA) in its ketonic and enolic forms are
listed in Table 3. and Table 6. Ketonic form has
major peaks in the range starting with 1783,40 cm-
! of C4=012 and ending with 3678,81 cm
stretching bonds. 1858,81 c¢cm™ for C=0 of the
imidazole ring, and tow frequencies C=0 1816,95
cm?, 1783,40 cmt for pyrimidine ring.

In the case of enolic form the three frequencies of
O-H and one frequency of N-H stretching bonds are
3781,28 cm't, 3730,12 cm?, 3687,31 cm, 3654,62
cml,

3.4. Acidity in alkali metal complexes of Uric
[M(UA)]*"" M=Li*, Mg**, K*, Ca*™*, Na*,
Be++

Uric acid is a weak diprotic acid (has two

dissociable protons) with pKal=5.4 and

pKa2~=10.3. At the physiologic pH of 7.4, [37].

Nevertheless, because there are four protons in Uric

Acid (UA) structure, these four acidities might be
discussed and we may estimate them by calculating
of the SNMR Y;jH chemical shift and the
deprotonation energy (DE) parameters.
Additionally, we explored the impact of mono and
divalent alkali metal complexation on the Bronsted
acidity force of the four protons. We have chosen
Li*, Na*, K*, Be** Mg** Ca** alkali metal cations to
interact as Lewis acid with the (UA) structures, and
therefore we generate some adducts in which the
complexation sites in UA act as an electron pair
donor through oxygen or nitrogen atoms.

At first, and based on molecular modelling
calculations, complexation of alkali metals has
been shared between N9 and O12 sites of the
ketonic form Figure 6. Geometry optimization
calculation at the B3LYP/6-31G(d) level of all
complexes provides the structures shown in Figure
7. We followed and compared the shielding
chemical shift of the protons by the GIAO method.
Results are obtained at TMS B3LYP/6-311+G (d)
GIAO in Gaussian16 [25].

Geometry of isolated uric acid (UA) without any
other interaction is employed as a starting point to
compare it with the other metal complexes. We can
estimate the charges labelled the four hydrogens,
the chemical shift as well as the interval of the
electrostatic potential by the case of the interaction
of UA with the different alkali metal cations Li*,
K*, Na*, Be**, Mg**, Ca** that form several adducts
Figure 7.
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Geometry optimization generates the structures of
these adducts and consequently the choice of the
alkali metals to coordinate with the oxygen atom
012 rather than the nitrogen atom N9 makes the
alkali metals as monocoordinated by selecting one
interaction site Figure 6. (UA)- ketonic M*"
complexes: (Na*, Li*, K*, Be**, Mg**, and Ca*™")
cations in Ng and O, site at the B3LYP/6-31G(d)

0.74)

(0.39)

Y P
UA- keto-Li*

(0,81)

(0,38)

"3 D
UA- keto-Na*

=
(0.,38)
UA- keto-K*

=D
©0,37)

level indicate that the complexation structure is
clearly located on the oxygen atom Q1 by the small
distance O12--- M*" compared to that of Ng---M™*".
The distances between metal cations and the
coordinating site of (UA)-Keto in the complexes
are 1,72 (Li*), 2,08 (Na*), 2,46 (K*), 1,38 (Be*),
1,86 (Mg*), 1,86 (Ca**). And are clearly shown in
Figure 7.

(0.,42)
(0.42) wud

UA- keto-Mg*™*

(1,68)

(0,40)

UA- keto-Ca**

(0,81)

(0,43) 9 @

UA- keto-Be**

Figure 7. Structures of alkali metal complexes of UA-keto form

3.4.1. IR vibration for alkali metal complexes of
UA-keto form
We have taken UA-Keto form as a reference to
compare the values of IR frequencies of all UA-
Keto-metal complexes form. Consequently, all
frequencies of stretching bond have lower values
than those of UA-Keto. In addition, the site in
which complexation is made, frequency of C4=02
bonds are obviously reduced for Li*, Na*and K*.

In the case of the complexation of UA-keto with
divalent metal cation Be**, Ca*™, Mg**, there is no
frequency associated with the stretching of the
C4=012 bond. This frequency is removed from the
infrared spectrum by complexation effect. In the
following discussion, the uric acid, pyrimidine and
imidazole rings are designated as Ringl and Ringll
respectively (Figure.l.).
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B3LYP calculations give N-H stretching modes of
the imidazole ring in the range 3662-3682 cm™ and
the bands are observed in gas phase and in water at
3667 ,3677,3678, 3880 cm™ in the IR spectrum.
The pyrimidine ring has three stretching modes tow
of N-H stretching and one for C=0 stretching.
Monovalent cations were shown to have a little
decline on N-H and C=O stretching vibrational
frequencies. However, divalent cations generate a
significant decrease when compared to free UA-
keto. A significant red-shift in the N-H vibration
compared to that in the UA-keto is revealed for
complexes of UA-keto with alkaline metal cations
(Be**, Mg*, and Ca™).

Additionally, in alkaline metal complexes, the
vibration C4=012 has disappeared on the spectrum
due to the complexation effect.

In gas phase, only the complexation with calcium
cation manifests as transition states by the presence
of an imaginary frequency v = -27,34 cm? that
corresponds to the deformation out of the plane of
N9-H14. In water environment, free UA-keto is the
only one stable structure. However, all the other
UA-keto metal complexes are maxima with an
imaginary frequency that matches the deformation
out of the plane of O12----M*" bonds. Table 3.

Table 3. shows the computed (scaled wavenumbers), observed IR bands, and assignments for UA-keto and its metal complexes.

Stretching UA-keto | UA- keto-K* UA- keto UA- keto Na* | UA- keto Be** | UA- keto Ca** UA-keto
Bonds Li* Mg**
(Cm)

VNo-Hi4 3680,82 3691,14 3682,70 3688,11 3631,26 3688,65 3638,11
VNo-Higwatey | 3678,81 3692,45 3681,22 3685,53 3632,22 3688,87 3636,41
vNi-His 3641,02 3612,63 3600,40 3607,29 3524,94 3567,24 3540,23
VN1-Hiswatey | 3643,66 3621,75 3596,59 3603,49 3530,47 3559,03 3547,11
VNs-His 3607,27 3607,82 3599,49 3604,43 3561,20 3607,56 3572,43
VNs-Higwatey | 3604,13 3607,62 3699,07 3601,99 3564,16 3608,09 3573,42
VN7-His 3667,42 3645,45 3636,09 3641,61 3566,21 3604,78 3579,34
VN7-Higwarey | 3677,34 3646,37 3629,33 3643,75 3559,17 3598,24 3579,05
vCs=019 1876,64 1901,99 1913,28 1906,91 1935,97 1933,73 1918,82
vCs=O1owatery | 1858,81 1889,93 1903,00 1959,62 1959,62 1932,23 1950,02
vCe=Ou1 1838,18 1863,12 1874,06 1868,05 1904,37 1893,38 1896,00
vCe=O11watery | 1816,95 1846,92 1859,28 1914,61 1914,61 1885,35 1906,08
vC4=012 1807,83 1733,85 1718,91 172490 | - | e e
vC4=O12watery | 1783,40 1692,33 1683,06 1683,10 | - | meeeeeee | e

Imaginary does not -30,60: -136,56: -52,67: -243,90: -127,18 -106,56

frequency exist Deformation | Deformation | Deformation Deformation Deformation out | Deformation
(water) in the plane of | inthe plane out of the out of the plane | of the plane of out of the

O12----K* of O1p----Li* | plane of O12--- | of O12----Be** O1p----Ca** plane of O12---
_Na+ _Mg++
Imaginary doesnot | does not exist does not does not exist | does not exist -27,34: does not exist
frequency exist exist Deformation out
(9) of the plane of
N9-H14

The energetic gaps AEromo-Lumo in free UA-keto
are almost equal in gas phase and in water, this is
also remarkable in the case of monovalent metal
complexes. However, for divalent metal complexes
there is a measurable distinction. In this case higher
or lower energy of HOMO and LUMO by metal
complexation is referred to free UA-keto molecule.
Furthermore, UA-Keto-Be** and UA-Keto-Mg** in
gas phase seems to be more reactive according to
the lowest gap value Table 4. This difference

reflects a significant charge transfer this therefore
makes these species more reactive.

Each of the proton in UA-Keto form links to an
atom of nitrogen, H16 is more acidic because of its
location between two carbonyl functions and as
stated by NMR 1'H chemical shift value Table 4.
whereas in UA-Keto metal Complexes, H15 seems
to be the most acidic proton. Subsequently, UA-
Keto-Be** shows the highest value of & (8,15 and
8,10 ppm in gas phase and in water respectively)
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which is in good agreement with the deprotonation
energy values.

3.5. Complexation of Uric Acid [M(UA)] ™ in
its enolic form

Uric Acid coordinates different alkali metals ions
through the interaction of N9 atom within the
imidazole ring and O12 atom within the pyrimidine

ring. These two atoms carry more electronegative
charge confirming active sites for coordination, and
consequently the obtained complex, after geometry
optimization calculations, reveals a pseudo five-
membered ring in which the metal cation prefers to
be coordinate with the nitrogen atom compared to
the oxygen atom. This is clearly apparent in all
complexes.

Table 4. & 1*H chemical shift(ppm), deprotonation energy DE (Kcal/mol), AE nomo-Lumo (V) Gap and dipolar

moment ptoral (Deby

of studied complexes in gas phase and in water.

Complexes 6H13 | dH14 | 6H15 | dHI6 DE AE HOMO | LUMO UTotal
UA-Keto(g) 4,79 4,95 5,00 6,23 | 496.99 5.068 -5.909 | -0.912 3.047
UA-Keto(water) 6,40 6,01 6,63 6,47 | 284.26 4,993 -5.733 | -0.740 4.244
UA-Keto-Li*(g) 5,69 4,91 6,15 598 | 703.44 4.366 -9.546 | -5.180 10,885
UA-Keto-Li*(water) 6,78 6,21 7,16 7,05 | 295.56 4,719 -6.074 | -1.355 13,062
UA-Keto-Na*(g) 5,55 4,79 5,97 579 | 693.40 3.836 -9.179 | -5.343 12,039
UA-Keto-Na*(water) 6,67 6,14 7,00 6,89 | 298.07 4,799 -5.956 | -1.157 13,922
UA-Keto-K*(g) 6,14 5,42 6,53 6,33 | 685.24 4.072 -8.892 | -4.820 12,731
UA-Keto-K*(water) 6,59 6,10 6,90 6,77 | 564.13 4.851 -5.890 | -1.040 14,354
UA-Keto-Be*(g) 7,68 7,06 8,15 6,86 | 827.69 0.700 | -14.395 | -13.695 14,698
UA-Keto-Be**(water) 7,60 6,66 8,10 7,60 | 596.76 4.296 -6.813 | -2.517 23,085
UA-Keto-Mg**(g) 6,77 5,91 7,24 6,33 | 800.08 0.893 | -13.719 | -12.826 16,019
UA-Keto-Mg**(water) 7,20 6,43 7,65 7,33 | 576.05 4.443 -6.245 | -1.802 27,605
UA-Keto-Ca**(g) 6,32 | 469 | 6,79 | 567 | 778.74 | 1.112 | -12.443 | -11.331 | 23,852
UA-Keto-Ca**(water) 6,97 | 623 | 736 | 7,15 | 574.80 | 4635 | -6.194 | -1.560 28,886
Mt

- \

HOZo" .

':

N

N 7 \: Geometry
Optlmlzatlon
HO HO
H H

Figure 8. metal complexation of Uric acid in its enolic form
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1,98

(0,38)
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UA-enol-Li*

(0,42@

UA-enol-Mg**

0.,44)

UA-enol-Na*

(0,49 2,40

UA-enol-Ca**
Figure 9. Optimized structures of alkali metal complexes of UA-enol form

Table 5. Observed IR bands, and assignments for UA-enol and its metal complexes.

Stretching UA-enol UA-enol- UA-enol-Li* UA-enol- UA-enol-Be*™* UA-enol- UA-enol-
Bonds K* Na* Mg** Ca™
vO10-Hu4(g) 3771,98 3756,42 3748,28 3752,80 3760,15 3692,15 3712,29
VO10-Huaqwater) 3781,28 3756,44 3752,04 3759,04 3759,80 3676,57 3708,44
vO11-His(g) 3726,61 3717,73 3713,18 3715,78 3721,67 3679,69 3691,12
vO11-Hiswaten 3730,12 3713,84 3709,85 3712,64 3713,69 3670,72 3683,23
vO12-Hig(q) 3685,20 3664,41 3672,55 3665,51 3666,85 3585,50 3605,33
VO12-Hig(water) 3687,31 3667,93 3673,84 3667,81 3673,52 3594,40 3614,53
VN7-Hizg) 3641,40 3627,56 3621,02 3624,91 3628,40 3573,27 3589,13
VN7-Hiswater) 3654,62 3632,23 3627,58 3631,38 3638,12 3573,23 3589,14
Imaginary -118,26 : Doesnot | Does not exist Does not -311,97: Does not Does not
frequency () Deformation out exist exist Deformation out exist exist
of the plane O10- of the plane
H14 012-H16
Imaginary -186,01 : -35,17: -216,53: -62,19: -241,51: -157,48: -88,48:
frequency (w) Deformation out | Deformati Deformation | Deformation | Deformation out | Deformation | Deformatio
of the plane O10- | on out of out of the out of the of the plane out of the n out of the
H14 the plane plane of plane of Na* 012-H16 plane of plane of
of K* N9---Li* Mg** Ca*™*

UA-enol-complexes reduce IR frequency values as
compared to isolated UA-enol structure. The IR
frequencies of the O-H and N-H bonds are reduced
by UA-enol-complexation. The results show that
complexation with divalent metal cation generates
a substantial decrease in IR frequencies when
compared to monovalent metal complexes. In
addition, for the complexes of monovalent metal

cations, the IR frequencies of each O-H or N-H
bond rise in the solvated phase relative to the gas
state; however, no change is shown in the case of
UA-enol-K+. This frequency does, however,
reduces for divalent metal cation complexes, with
UA-enol-Be++ showing a minor variation. O-H and
N-H bond IR frequencies may generally be
attenuated by complexation, either by monovalent
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or divalent metal cations, in comparison to the
identical bonds in the UA-enol free structure.

UA-enol already has an imaginary frequency in gas
phase and in water. Therefore, in gas phase
complexation with metal cations was able to
improve the structure in order to create a more
stable systems (UA-enol-K+, UA-enol-Li+, UA-
enol-Na+, UA-enol-Mg++, UA-enol-Ca++) as seen
in Table 5. In water, all metal complexes are
maxima presenting one imaginary frequency.

3.5.1. NMR 1'H Chemical Shift of UA-enol and
its complexation

Principally in the enolic form of UA, the proton
H13 remains bonded to nitrogen atom, and all the
other protons are bonded to oxygen atoms.

The proton H13 appears to be the most acidic in the
enolic form and its complexes. This is supported by
the 8%H NMR chemical shift (ppm) and
deprotonation energy DE (Kcal/mol) results. Table
6.

Table 6. Chemical shifts 5 H (ppm) of the different protons in UA-enol form, DE(Kcal/mol, AEHomo-Lumo) (€V), WTotal
(Deby).

Complexes 0 Hus 0 His 0 His o His AE HOMO | LUMO DE WUTotal
UA-enol g 4,07 5,36 5,65 6,49 5.447 -5.860 -0.412 | 621.71 5,21
UAenol-w) 5,48 5,94 6,03 7,50 5.434 -5.995 -0.561 | 581.12 6,77
UA-enol-K* 5,32 6,38 5,80 7,14 4.97 -9.33 -4.36 | -------- 08,88
UA-enol-K*w) 5,98 6,25 6,04 6,64 5.42 -6.24 -0.82 300.10 10,75
UA-enol-Li* 5,89 6,75 6,31 7,32 5.33 -10.00 -4.67 | --------- 06,83
UA-enol-Li*w) 6,40 6,49 6,40 7,76 5.40 -6.46 -1.06 296.85 08,91
UA-enol-Na*(g 5,60 6,55 6,02 7,24 4.93 -9.68 475 | - 07,71
UA-enol-Na*w) 6,18 6,34 6,18 7,69 5.41 -6.34 -0.93 286.81 12,76
UA-enol-Be™ g 7,99 8,23 8,61 8,88 3.16 -14.92 -11.76 | --------- 09,68
UA-enol-Be™ ) 7,67 7,10 7,89 8,72 5.20 -7.57 -2.37 262.56 16,18
UA-enol-Mg*™ 7,57 8,16 7,22 8,28 2.76 -14.06 -11.30 | --------- 12,73
UA-enol-Mg**w) 7,35 7,12 7,12 8,13 5.38 -7.00 -1.62 287.29 17,41
UA-enol-Ca*™ g 6,95 7,74 6,58 8,04 2.03 -13.31 -11.28 | -----e-- 15,53
UA-enol-Ca*™*w) 6,79 6,79 6,53 7,95 5.34 -6.66 -1.32 293.17 20,14

We employed 8 NMR H chemical shift as a tool to
measure and evaluate acidity of all protons which
at significant 8 NMR !H values generate the
maximum acidity. Consequently, the proton H13
seems to be more acidic according to the chemical
shift values Table 6. Particularly these values
influence the divalent metals complex (Be++,
Mg++ and Ca++) and more special affect the case
of complexation with Be++.

Generally, and for all structure AEHomo-Lumo gap is
relatively higher in the case of water effect than the
gas phase. Additionally, the complexes with
monovalent metals are more stable than those with
divalent metal and consequently the lowest gap
AEnomo-Lumo appears in UA-enol-Mg*™ and UA-
enol-Ca*.

3.6. Metal Complexes of Uric Acid [M(UA)z]
Min its ketonic form

Uric Acid (UA) has also the ability to generate

strong complexes with many different transition

metal cations, including Zn?*, Cd?*, Cu* and Ag*

Figure 10. Acid dissociation constants are related
to the metal interaction affinities of these functional
groups (N-Metal-N) and are therefore important for
investigating the deprotonation in aquatic systems.
In the current study, we used GIAO-NMR ;'H
chemical shift together with deprotonation energy
(DE) in the (PCM) solvent model for estimating the
proton acidity in different complexes.

Olga et al. [24] have been studied a series of metal
uric acid complexes. These complexes were
synthesized using different ions of Zn*?, Cd*?, Cu*
and Ag* in aqueous solution. Experimental results
indicate that IR spectrum exhibits three different
C=0 absorption bands. The 1701 and 1671 cm™
bands are due to the carbonyl of the pyrimidine
ring, and the third at 1655 cmcorrsponds to the
carbonyl of the imidazole ring. The same bands are
calculated in water for (UA) in its ketonic form and
the frequencies are: tow frequencies C=0 1816,95
cml, 1783,40 cm for pyrimidine ring and 1858,81
cm! for C=0 of the imidazole ring. Obtained UA-
metal complex structures were explored on the
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basis of Density Functional Theory calculations
using B3LYP/6-31G(d,p) and LANL2DZ for Ag,
Zn, Cd, Cu atoms. The acidity prediction was
estimating for each complex by calculating the
deprotonation energies and NMR %H § (ppm)

chemical shift. Therefore, experimental IR
spectrum Table 7. shows for all the complexes
except Cd*? a shift from 1671 to 1609 cm™ of the
carbonyl of the pyrimidine ring.

Y
-~ T T
\N .
o o

H

AN N

P

N

H

[
N\

H

Figure 10. (UA) transition complexation in ketonic form

3.6.1. IR vibration of Keto-metal complexes [M(UA)z] ™

Table 7. experimental and calculating C=0 frequencies of triketo-forme of UA and its metal complexes.

Complexes C8=010 C4=012 C6=011 N-H13 N-H14 N-H15
imidazole ring pyrimidine ring pyrimidine ring

UA-Keto/(exp)[24] 1858,81 (1655) 1783,40 (1671) 1816,95 (1701) | 3677,34 3643,66 3604,13

[Ag(UA)]* 1679,08 1653,15 1696,56 3654,19 3591,40 3589,29

[Zn(UA)7] *2 1680,99 1690,00 1639,46 3628,56 3583,39 3579,48

[Cd(UA),] *2 1663,96 1653,48 1695,19 3632,62 3598,50 3590,51

[Cu(UA)2]* 1681,98 1657,60 1688,01 3647,33 3597,66 3695,49

Table 8. § NMR %;H (ppm) Chemical shifts of the different protons, deprotonation energy DE (Kcal/mol),
HOMO-LUMO gaps AExowmo-Lumo (eV) and dipolar moment proa (Deby)of different complexes

Complexes | 5 Hiz |0 Hiu | & His DE AE | HOMO | LUMO | prow | N-M-N (9
Ag(UA),* | 7,09 | 7,30 | 7,30 29489 | 0.65 | -6.188 | 5538 | 0.876 177,93
Zn(UA),* | 7,28 | 7,61 | 7,69 28599 | 0.49 | -6.505 | -6.018 | 2,008 150,69
Cd(UA),? | 7,29 | 7,66 | 7,77 29291 | 0.46 | 6.226 | 5.767 | 1,226 139,98
Cu(UA),* | 7,04 | 7,28 | 7,33 29507 | 0.78 | -6.335 | 5559 | 6,045 170,80

Figure 11. Zn(UA)2** complex

87




Turkish Comp Theo Chem (TC&TC), 9(2), (2025), 77-95

Meriem HAFIED,Mohammed AICHI

9

Figure 14. Ag(UA)2* complex

3.6.2. Structure and acidity of [M(UA)2] " metal
complexes
All optimized geometries of metal complex are
shown in Figure. 11, 12, 13 and 14. According to
Table 8. The acidity of the different protons
estimated by Chemical shifts 141 H & (ppm) values
indicates that H15 seems to be the most acidic
proton. Consequently, only for the most acidic

protons, which is estimated by 8 NMR 1H (ppm)
Chemical shifts, deprotonation energy is calculated.
All complexes are optimized and shown in figures:
11., 12., 13 and 14. As a starting point, we have
analysed the structure and the electronic charge
distribution in order to investigate the lone pairs
interactions of oxygen and/or nitrogen atoms with
the studied complexes Ag(UA).*, Zn(UA);*,
Cu(UA);*, Cd(UA),*.

3.7. Metal complexation of uric acid [M(UA)z] ™ in the enolic form

HO
N>/_ N
N
S g

Figure 15. complexation of (UA) with transition metals
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Figure 19. optimised geometry of (UA)2enol-Cu*

Table 9. IR vibration frequencies of O-H and N-H stretching (cm™ metal-N distance (A) and N-M-N angle (°) in

enol-complexes.

Complexes 010-H14 011-H15 012-H16 N7-H13 metal-N N-M-N
imidazole ring | pyrimidine ring pyrimidine ring

UA-enol 3781,28 3730,12 3687,31 3654,62 | - | -

[Ag(UA).]* 3710,47 3679,66 3655,33 3642,88 2,13 179,35

[Zn(UA);] *? 3689,04 3675,45 3655,48 3649,51 2,02 162,11

[Cd(UA),] 3705,68 3679,71 3654,04 3657,51 2,30 161,51

[Cu(UA)2]* 3697,48 3679,40 3652,86 3648,70 1,90 179,23

89




Turkish Comp Theo Chem (TC&TC), 9(2), (2025), 77-95

Meriem HAFIED,Mohammed AICHI

Table 10. 5 14H (ppm), DE(Kcal/mol), AEnomo-Lumo (€V) and proa (Deby), DE(Kcal/mol)

Complexes | dHI4 | 6H15 | 8HI16 d HI3 DE AE HOMO |LUMO UTotal

Ag(UA),* 6,19 6,08 5,81 7,37 292.11 5.30 -6.975 | -1.673 5,341
Zn(UA),*" 6,63 6,12 6,12 7,60 224.09 5.32 -7.241 | -1.925 9,188
Cd(UA),*? 6,73 6,55 5,83 7,63 89.17 5.36 -7.263 | -1.903 1,861
Cu(UA),* 6,37 6,00 5,92 7,36 290.26 5,05 -6.823 | -1.775 6,594

Table 11. Second-order perturbation theory of the Fock matrix in the NBO basis for (UA)2Ag+, (UA)2Zn+2,
(UA)2Cd+2, (UA)2Cu+ complexes.

Complexes Donor (i) Donor occupation | Acceptor (j) Acceptor occupation | E@  (Kcal/mol)
(UA)AgG* LP(N9) 1.81628 LP*(Ag) 0.26300 44.68
LP(N25) 1.81628 LP*(Ag) 0.26300 44,67
LP(N7) 1.61401 BD* C8-N9 0.44241 61.61
(UA),Zn*? LP(N9) 1.86666 LP*(Zn) 0.17994 37.77
LP(N25) 1.86678 LP*(Zn) 0.17994 38.02
Lp(N7) 1.60268 BD* C8-N9 0.46450 68.17
(UA),Cd*? LP(N7) 1.60172 BD* C8-N9 0.44619 65.74
LP2(010) 1.84055 BD* C8-N9 0.44619 46.44
LP(N9) 1.88443 LP*(Cd) 0.13612 16.65
LP(N25) 1.88443 LP*(Cd) 0.13612 16.65
(UA).Cu* LP(N9) 1.80083 LP*(Cu) 0.29054 66.82
LP(N25) 1.80083 LP*(Cu) 0.29054 66.82
LP(N7) 1.60741 BD* C8-N9 0.45844 64.45
LP(010) 1.84095 BD* C8-N9 0.45844 45.65

E® refers energy of interaction.

The vibrational modes of O-H stretching of all
[M(UA),] *" complexes are thought to be lower than
the frequency of UA-enol without any
complexation. N7-H13 stretching mode is observed
for UA-enol at 3654,62 cm™. However, with the
exception of [Cd (UA),] *2, which has a greater
value, all complexes have this frequency
attenuated.

In the pyrimidine ring, the stretching vibrations,
011-H15 and 0O12-H16, in different complexes
have a range of close values. However, in the case
of imidazole ring, a slight difference frequency
appears in stretching vibration 010-H14.

The distance that separates the metal ion Table 9.
from the two ligands seems to be the lowest in [Zn
(UA)2] *2 The event that it is in the order Cd (UA),
2> Ag(UA)2* > Zn(UA), *2 > Cu(UA), *.
AEHomo-Lumo gap is in the order Cd (UA)2+2 >
Zn(UA),*2 > Ag(UA),* > Cu(UA), *.

The three parameters (& *H chemical shift, v(N—
H13) vibration and deprotonation energy DE)
adopt the same variation in complexes Table 10.

3.7.1. Natural Bond Orbital (NBO) Analysis
and Charge Distribution.

A practical foundation for examining charge
transfer or conjugative interaction in molecular

systems is provided by natural bond orbital
analysis. Several electron orbitals that are donor,
acceptor, and the second-order perturbation of the
Fock matrix were used to evaluate the impact of
coordination and electron distribution on the
ligands and metal d-orbitals.

As in our previous work [38,39], A useful
foundation for examining charge transfer or
conjugative interaction in molecular systems is
provided by natural bond orbital analysis. Table 11.
lists the major interactions in the calculated
complex structures.

In the case of (UA).Ag* the occupancy of LP(N9)
and LP(N25) is (1.81628), these two lone pairs act
as donor in intramolecular interactions to LP*(Ag):
LP(N9) — LP*(Ag), LP(N25) — LP*(Ag) with
interaction energy of (44,68 Kcal/mol). Thus,
intramolecular interaction from LP(N7) to BD* C8-
N9 leading to stabilization energy of (61,61
kcal/mole).

On this particular case of (UA),Cd*? we notice that
a strong intramolecular interaction in the
pyrimidine ring from BD* C20-N21 to BD* C18-
C19 with stabilization energy 121,20 kcal/mol.
However, the same interaction in (UA).Ag",
(UA).Cu* gave only (9,18), (9,44) and (9,47)
kcal/mol respectively. In the imidazole ring, the
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interactions from LP(N7) to BD* C8-N9 have
comparable values in all complexes.

Besides, transition monovalent metal cation
charges (Ag+ and Cu+) seems to be higher in the
case of the ketonic complexes compared to the
enolic complexes. Consequently, the metal cation's
electronic charge is more provided by the enolic
complex than the ketonic. Thus, we note that the
positive charge labelled Zn++ and Cd++ is higher
in the case of enolic complexes. In this case the
ketonic complex provided more electronic charge

to the metal center. Atomic charges of metal
complexes are listed in Table 12.

For the other atoms we note that, for the other atoms
we notice that, in enol complexes, the heteroatoms
(N9, 010, 012) gave more electronic density and
appear with weaker negative charges. C4 and C8
atoms appear as very poor in electronic density with
a large positive charge, while C3 atom is indicated
by weak positive charge. These findings relate to
both forms of complexes.

Table 12. NPA atomic charge distributions of some selected atoms in the enol-complexes. values in

parentheses are for keton-complexes

Charges
Atom and (UA),Ag* (UA)2Zn*? (UA),Cd*? (UA).Cu*

N9 -0.67 (-0.63) -0.76 (-0,69) -0.73 (-0,70) -0,68 (-0,67)
010 -0.71 (-0,58) -0,70 (-0,56) -0.70 (-0,46) -0,70 (-0,58)
012 -0,71 (-0.60) -0,71 (-0.64) -0.71 (-0,68) -0,71 (-0,61)
C3 0,03 (0.10) 0.03 (0,12) 0.03 (0.09) 0,03 (0,10)
C4 1,61 (0.68) 0.62 (0,68) 1,61 (0,68) 0,61 (0.67)
c8 0,84 (0,85) 0,85 (0,85) 0.83 (0,84) 0,84 (0,89)
Ag’ 0,71(0,76) | - | |

(UA)Ag* : F 0.220€0

Cu*: +0.227e0

Zn++ : ¥ 0.420e0

Figure 20. Electrostatic surface potential map of metal complexes

3.7.2. Molecular Electrostatic Potential Surface
(MEPS)

A useful tool for understanding and forecasting

molecular behaviour is the molecular electrostatic

potential surface (MEPS) map.

MEPS map provides a visual method to understand
the relative polarity of the molecule, predict the
reactive site of the molecule and illustrates the
charge distribution three dimensionally. It is
primarily used to study the reactivity towards
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electrophilic and nucleophilic attack as well as
hydrogen bonding interactions.
In the electrostatic potential map Figure 20. The
total density depicts the localization of charges
surrounding the atoms; it should be noticed that the
richness of electrons is concentrated in the red,
green and yellow color regions, the blue region of
EPS relates to the positive charge.
The largest interval of electron density has been
found for (UA).Zn*? complex and it tends to be
between + 0.420e0. However, the restraint interval
of electron density characterizes (UA).Ag*complex
and it tends toward + 0.220e0. Figure 20.
3.7.3. Energy and Relative of
Complexes
As aresult, we have calculated the difference total
energy AE(eV) between alkali metal complexes
and transition metal complexes in their ketonic
and enolic forms Table 13. Generally, the
following results (Table 13.) show that in the
ketonic form, alkali metal complexes are more
stable than the same complexes in the enolic form.
AE indicates a margin that reflects which the more

Stability

most stable complex in ketonic form by the large
energy value shown. The range of values AE is
relatively wide and we can present the more stable
alkali metal complexes in the following order ,
(UA)-Be** is more stable (1.73 eV).

Ketonic form (alkali metal complexes): (UA)-
Be* > (UA)-Mg** > (UA)-Li* > (UA)-Ca** >
(UA)-Na* > (UA)-K*.

On the other hand, the enolic form is obviously
more stable than the ketonic form in the event of
transitions metal complexes. The range of values
AE in this case is more restricted and the order is
in following.

Ketonic form (transition metal complexes):
(UA)2-Cu* > (UA)2-Zn** > (UA)2-Cd* >
(UA)2-Ag*

(UA)2-Cu* is evidently with greater stability
(33,03 eV).

Ketonic form adopts the alkali metal complexes
notably the divalent cations. However, the enolic
form attracts transition metals better to stabilise
their complexes.

Table 13. total energy and their difference AE(eV) between alkali metal complexes and transition
metal complexes of ketonic and enolic (UA) forms.

Complexes | Enolic form (Hartree) | Ketonic form (Hartree) | AE(eV)
Alkali Metal Complexes
(UA)-Li* -645,132517 -645,184750 1,42
(UA)-Na* -799,899074 -799,946109 1,28
(UA)-K* -1237,508151 -1237,553431 1,23
(UA)-Mg*™ -837,526320 -837,582202 1,52
(UA)-Be™ -652,078829 -652,142283 1,73
(UA)-Ca** -1315,078552 -1315,127788 1,34
Transition Metal Complexes
(UA)2-Ag" ~1420,768294 ~1419,586739 32,15
(UA)2-Cu* -1471,171029 -1469,957092 33,03
(UA)2-Zn** -1340,471568 -1339,268485 32,74
(UA)2-Cd** -1322,954782 -1321,759775 32,52

4.  Conclusions
In light of the research, this study has achieved the

following goals:

= (UA) has a crucial interaction to form
complexes with ions of alkali and transition
metals. These complexes have various
geometries and possess chemical activities more
than uric acid itself.

= Inthis work, the influence of solvent polarity on
structure, electronic properties, IR spectrum

and 1*H NMR parameters of (UA) complex
was investigated.

The results of this theoretical study about the
structure and acidity of (UA) and its alkali metal
complexes have shown that in its ketonic form,
the metal cation is coordinated to the oxygen
atom, whereas in its enolic form, the
coordination occurs through the nitrogen atom.

" The interaction of different metal cations
with uric acid (UA) has been studied in order to
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estimate the influence of metal cations on the
acidity strength of N-H and/or O-H.
= Asaresult, we may conclude that proton H13 in
the enolic state, the cation alkali or transition metal
complex, appears as more acidic acoording to & *H
NMR chemical shift and the deprotonation energy
values. However, in the ketonic state, the H15
seems to be more acidic by the same parameter
values.
= The results suggest that the calculated & ‘H
NMR chemical shift gave a good agreement with
the experimental data due to the consideration of
two acidities of uric acid (UA), from where one is
come from enolic form (H13) and the second is
coming from the ketonic form(H13).
= Complexation of (UA) with both alkali or
transition metals continues to confirm the
existence of two acidities by estimating one
more acidic proton in each chemical form.
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